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Abstract 
A series of functional variables, including biomass and hymenial area, were obtained for 
more than 4800 individual macrofungal sporocarps and correlated with a set of ecological 
parameters characterizing soil, climate and forest structure in four different forest types of Costa 
Rica. The idea behind this project was to document macrofungi over a three-year period with the 
objective of generating a dataset intended to document sporocarp variability and association with 
forest characteristics. In the context of climate change, habitat degradation and tropical forest 
fragmentation, studying fungi from an ecological perspective can provide crucial elements of 
analysis to weigh their relevance in tropical systems and to understand the potential threats to 
fungal populations. Our results showed high variability in the functional variables over the period 
of study, but suggest that such variability is partially induced by macroclimatic events in which 
forests with a higher percentage of mycorrhizal fungi seemed to be more sensitive. Overall, the 
ratio of hymenial area/biomass and pileus diameter were found to be significantly correlated with 
several ecological parameters in the studied forest types. However, the association of the former 
with ecological reproductive strategies makes such variable a good parameter to use for the 
monitoring of fungal dynamics in the studied tropical forests. The potential application of the latter 
in the framework of climate change and forest degradation studies is relevant since fungi are 
essential organisms in tropical ecosystems. 
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Introduction  
 
In evolutionary biology, a functional character can be defined as a feature that performs an 
ecological function in a group of species with similar ecological demands (see Schwenk 2001). 
These characters are recognized to be evolutionarily stable (Dullemeijer 1980) since they represent 
key structural elements for ecological strategies within guilds. In macrofungi, structural elements of 
the sporocarp such as size dimensions, weight and reproductive area can be considered functional 
characters since they are expressions of the ecological strategies of fungi in the ecosystems 
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inhabited by them. These characters are notable features commonly used for taxonomic purposes 
but their ecological relationships are still understudied. 
Within a framework of a changing climate and strong external pressures over the different 
ecosystems where macrofungi are found, studies that can help determine associations between 
functional characters and ecosystem attributes are important and necessary. This is because such 
information can be used to design quick ecological assessments as proxies to document the effect 
of such global phenomena on fungal populations. In this sense, it is known that macrofungi can be 
used as indicators of forest health (Laganà et al. 2002), soil fertility (Kranabetter et al. 2009), 
environmental pollution (Kubrová & Borovička 2015) and nature value (Marchetti 2004). 
Moreover, macrofungi have been documented to be affected by habitat loss (Halme et al. 2013), 
forest fragmentation (Nordén et al 2013) and climate change (Boddy et al. 2014; Hyde et al. 2016).  
Despite such increasing evidence that macrofungi, as an ecological guild, can be used to 
determine ecosystem quality and changes in the ecological dynamics of biological systems, these 
types of studies are still not very common. As such, the documentation of the relationship between 
macrofungal dynamics and ecosystem quality in Neotropical areas, falls behind other types of 
research since studies in this part of the world are still strongly taxonomic in nature (e.g. Alvarez-
Manjarrez et al. 2016, Sánchez-García et al. 2016). In Costa Rica for example, there have been few 
investigations with such focus (e.g. Carpenter et al. 2001, Desai et al. 2016) but the need has been 
established (see Rojas & Doss 2014). 
As a strategy to increase the documentation of the ecological role of macrofungi in 
Neotropical ecosystems, this study was designed and executed over a three-year period. The main 
objective was to generate baseline data on the relationship between fungal populations and habitat 
characteristics for future study design in the context of modern global phenomena. This 
investigation also recorded important characteristics of the studied forest systems that can be used 
to monitor forest dynamics over time. However, a different paper (Rojas & Calvo 2014) focused on 
such forest-based complementary datasets. 
 
Materials & Methods  
 
This project was carried out in Costa Rica during the 2012-2014 period in two selected sites 
on the Pacific side of the country. The first site was the Horizontes Experimental Forest Station 
(abbreviated hereafter as Horizontes), located in the Northwestern tropical moist climate zone of the 
Guanacaste province, and the second one was the Grecia Forest Reserve (abbreviated as Grecia), 
located in the central temperate wet climate zone of the Alajuela province (Figure 1). In both sites, 
two different forest types were selected based on the dominant tree species and within each of these 
systems, two 50x20 m plots were established and georeferenced. Forest patches of a) Hymenaea 
courbaril and b) Albizia saman were selected in Horizontes, whereas sections dominated by c) 
Cupressus lusitanica and d) Quercus seemannii were studied in Grecia. A complete forest 
characterization of carbon stocks and macrofungal diversity was the subject of a different analysis 
(see Rojas & Calvo 2014) and the present contribution focuses on the functional dynamics of fungi 
in relation with ecosystem variables. 
In each one of the two plots per forest type, a chemical characterization of soil, a forest 
characterization, a determination of canopy dynamics and a calculation of alfa-diversity of young 
plants were carried out during the period of study. For the soil, a series of 10 random samples were 
collected in each plot, pooled together and homogenized to use the Mehlich 3 protocol (Mehlich 
1984) after which, chemical values for the principal elements were calculated. The forest 
characterization was performed as explained by Rojas & Calvo (2014) and canopy height, tree 
volume, tree density and tree biomass were calculated using the allometric equation provided by 
Chou & Gutiérrez-Espeleta (2012). For canopy dynamics, the hemispheric photography technique 
was used to determine canopy openness and leaf area index in each plot. The latter was carried out 
by calculating these variables three times a year during the dry season in March, the transitional 
period in June and the rainy season in October. Finally, the determination of young plant diversity 
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was calculated by randomly establishing six internal 2x2 m subplots in each experimental plot and 
counting/categorizing all seedlings/saplings within the 0.60-3 m vertical stratum. In addition, the 
temperature, atmospheric humidity and light intensity were measured with standard outdoor 
dataloggers in each plot for the entire period of study. 
The sampling of macrofungi took place three times a year during the period between 2012-
2014 in all plots. Sampling of fungi was carried out in a similar manner to the canopy assessment, 
during the dry, transitional and rainy periods. In this part of the study, each plot was carefully 
surveyed by three people and all visible macroscopic (larger than 1 cm tall) sporocarps of fungi were 
collected during each visit. Every individual sporocarp was identified, at least to genus level, and a 
series of functional measurements including pileus and stalk diameter, hymenial area and biomass 
were determined along with a ratio of the latter two. The biomass of each sporocarp was determined 
after transforming wet weight into dry weight using a curve obtained with a subset of samples. All 
records were categorized as mycorrhizal or saprobial according to their documented strategy of 
carbon uptake. The intuitive Simpson Index of Diversity (1-D) was calculated for the fungal 
component in both study sites and forest types and for the seedling/sapling assessment in each forest 
type. 
After generating a three-year dataset, basic statistics were calculated for each forest type 
using all fungal and forest variables and significant differences were examined using ANOVAs after 
the determination of normality for each parameter. When differences were found, a post-hoc Tukey 
test was performed to determine the group responsible for differences. For further examination, 
multivariate statistics, including Principal Component Analysis (PCA) and Multiple Regression 
(MR) followed by the calculation of the Akaike Information Criterion (AIC) were used to determine 
the weight of the different parameters on the variability of the complete ecosystem-based dataset. 
Further correlations with the functional parameters were carried out with the first two principal 
components to evaluate degree of association. In all cases, the alpha value for testing the null 
hypothesis was 0.05 and all analyzes were carried out using the program JMP, version 10.  
 
 
Figure 1 – Climate regions of Costa Rica showing the location of the studied sites. Forest types 
labeled A and B correspond to Horizontes, whereas C and D to Grecia. 
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Results 
A total of 4860 sporocarps of macrofungi were recorded and measured during this 
investigation. Out of that, about 65% were recorded in Horizontes and 35% in Grecia. In terms of 
years, 42% of all records were observed in 2014, 30% in 2013 and 28% in 2012. The forest type 
with the most records was the system dominated by A. saman with about 42% of the observations. 
This system was followed by the forests dominated by Q. seemannii and the ones dominated by H. 
courbaril, with about 29% and 22%, respectively. The forest with C. lusitanica was the poorest 
one, in terms of records, with only 9% of all observations. 
In general, macrofungi were larger in the dryer forests of Horizontes than in the moister 
forests of Grecia. However, the hymenial area was significantly larger in the latter (Table 1). 
Interestingly, when results are analyzed considering years, it seems that fungi were smaller in 
Grecia during 2012 and larger in Horizontes after the same year (Table 2). Overall, the Q. 
seemannii forest type yielded the macrofungi with the largest biomass and hymenial area, and the 
A. saman forest type yielded the most robust sporocarps (Table 3). The Simpson Index of Diversity 
was 0.956±0.04 for Grecia and 0.815±1.3 for Horizontes, whereas the same parameter for forest 
types was 0.948±0.03, 0.926±0.07, 0.909±0.04 and 0.674±2.11 for the systems dominated by Q. 
seemannii, H. courbaril, C. lusitanica and A. saman, respectively. 
 
Table 1 Average values and standard deviation (in parentheses) for all functional variables 
determined in the present study, arranged by site, along with results of statistical analyses 
(N=4860).  
 
Functional variable Site Result of t-test 
 
Grecia Horizontes Probability of no differences (P) 
Average biomass (g) 1.13 (0.04) 0.31 (0.03) 0.0001 
Pileus diameter (mm) 3.20 (0.31) 12.38 (0.25) 0.0001 
Stalk diameter (mm) 1.08 (0.18) 2.91 (0.15) 0.0001 
Hymenial area (mm2) 10.89 (0.32) 6.87 (0.31) 0.0001 
HA/biomass (mm2/g) 23.55 (0.96) 49.80 (0.78) 0.0001 
Saprobes (% of total) 59 100 0.00003 
 
Of all the functional variables measured in the macrofungi studied, only pileus diameter and 
the ratio of hymenial area/biomass were highly correlated with forest or bioclimatic characteristics 
of the studied systems. The first one showed high positive correlation with light intensity (r=0.95), 
canopy openness (r=0.90) and negative correlations with leaf area index (r=-0.90), diversity of 
seedlings/saplings (r=-0.96), tree density (r=-0.91), tree biomass (r=-0.86) and tree volume (r=-
0.90). The ratio of hymenial area/biomass was positively correlated with temperature (r=0.99), light 
intensity (r=0.94) and canopy openness (r=0.99); and negatively correlated with canopy height (r=-
0.89), tree volume (r=-0.80), leaf area index (r=-0.99) and diversity of seedlings/saplings (r=-0.99). 
In relation to soil characteristics, pileus diameter was positively correlated with Ca+2 (r=0.94) and 
Cation Exchange Capacity (r2=0.91); whereas the ratio of hymenial area/biomass was positively 
correlated with Ca+2 (r=0.97), Mg+2 (r=0.98), K+ (r=0.95) and Cation Exchange Capacity (r2=0.99) 
and negatively correlated with water retention (r=-0.96) and percentage of clay (r=-0.99). 
Interestingly, the Simpson Index of Diversity was highly correlated with the quantity of phosphorus 
in the soil (r=0.99). Table 3 shows the general values of the soil and seedling/sapling 
characterization as well as the canopy assessment and the two functional macrofungal parameters 
with the most significance in this study. 
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Table 2 Average values and standard deviation (in parentheses) for all functional variables 
determined in the present study, according with study site and year, along with results of statistical 
analyses (N=4860). Bold values represent the group responsible for differences in the Tukey tests 
when P<0.05. 
 
Site Year Result of ANOVA/t-test 
Functional variable 2012 2013 2014 Probability of no differences (P) 
Horizontes 
    Average biomass (g) 0.13 (0.03) 0.32 (0.03) 0.26 (0.03) 0.0012 
Pileus diameter (mm) 2.43 (0.40) 1.93 (0.35) 24.63 (0.31) 0.0001 
Stalk diameter (mm) 0.19 (0.18) 0.25 (0.16) 3.32 (0.14) 0.0001 
Hymenial area (mm2) 5.52 (0.35) 4.97 (0.31) 4.72 (0.29) 0.2149 
HA/biomass (mm2/g) 53.77 (1.55) 38.08 (1.35) 54.25 (1.25) 0.0001 
Saprobes (% of total) 100.0 100.0 100.0 0.0000 
Grecia 
    Average biomass (g) 0.56 (0.15) 2.07 (0.18) 1.71 (0.13) 0.0001 
Pileus diameter (mm) 2.41 (0.11) 3.72 (0.13) 3.60 (0.09) 0.0001 
Stalk diameter (mm) 0.40 (0.03) 0.97 (0.04) 0.66 (0.03) 0.0001 
Hymenial area (mm2) 6.74 (0.92) 14.68 (1.11) 14.89 (0.82) 0.0001 
HA/biomass (mm2/g) 25.46 (1.38) 11.56 (1.65) 17.19 (1.22) 0.0001 
Saprobes (% of total) 56.79 41.67 43.23 0.0001 
 
The PCA showed that about 99% of the variation in the ecosystem-based characterization 
was provided by canopy openness and phosphorus, a forest structural variable and a chemical soil 
parameter. A MR analysis followed by evaluation of AIC values confirmed the latter. The first 
principal component represented by canopy openness showed a high and significant (P<0.05) 
correlation with the ratio of hymenial area/biomass (r=0.99) and a moderate correlation with the 
measurement of pileus diameter (r=0.77). In the last case, the correlation increased when the 
second principal component represented by level of phosphorus in the soil was included (r=0.96, 
not significant though). 
 
Discussion 
It is interesting to note that the dry forests of Horizontes were very productive during the time 
of the field surveys. Of course, the higher numbers of sporocarps and larger size of macrofungi 
reported herein are the byproduct of a series of conditions, including the moment where the surveys 
were carried out. However, these results showed that dry forests, albeit heavily seasonal in 
production of macrofungi, should not be neglected in research agendas on the relationship between 
tropical fungi and forests. An interesting result was that the largest percentage of records were 
associated with the A. saman forest type, a type of dry forest patch, since the leaves of this tree 
species are known to have antifungal properties (Suprapta & Khalimi 2012). However, the most 
common genera in this forest type, shown in full in Rojas & Calvo (2014) were Collybia and 
Marasmius, two macrofungal genera known to be generalists, whose productivity can thrive in 
adverse ecological conditions (Nordén et al. 2013) as a strategy to secure future colonization. 
One aspect that should be pointed out, is that those results were also the product of a many 
records of Pseudofistulina radicata sporocarps in Horizontes during 2014, which skewed the 
measurements after 2012. However, it is still interesting that macrofungi were smaller in Grecia 
during 2012 and larger in Horizontes after the same year and that 2012 was the year with the lowest 
number of observations in both sites. Coinciding with our study, 2012 was reported to be the last 
year of a strong cold phase of ENSO, known as La Niña event (see Brenes & Bonilla 2012), which 
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increased the rainfall over the two studied sites. It is likely possible that the results presented herein 
were affected by this external climatic event in 2012 since forest performance is also modified by 
such phenomena (Martinez-Ramos et al. 2009). Interestingly, researchers have found, via soil 
respiration that increasing soil moisture has a negative effect of mycorrhizal activity (Heinemeyer 
et al. 2007) and thus, forests with a higher percentage of ectomycorrhizal fungi would likely be 
more affected by heavier rains. The results presented herein also support such observation, since 
Grecia showed more significant differences in macrofungal size than Horizontes, also suggesting 
that fungi in the former can be more susceptible than the latter to those events. As such, the role of 
external climatic events on the dynamics of the tree-fungi relationship would be an interesting topic 
to focus on for future research in tropical systems. 
 
Table 3 Average values and standard deviation (in parentheses) for all functional variables 
determined in the present study according with forest type (N=4860) along with values for the 
ecosystem parameters measured in the canopy assessment, seedling characterization and soil 
analyses. All results of statistical analyses showed significant differences across groups and bold 
values represent the group responsible for differences in the Tukey test when P<0.05. 
 
Functional variable Forest Type 
Ecosystem parameter C lusitanica Q seemannii A. saman H courbaril 
Average biomass (g) 0.22 (0.11) 1.81 (0.06) 0.10 (0.05) 0.54 (0.07) 
Pileus diameter (mm) 1.90 (0.64) 3.68 (0.37) 8.73 (0.29) 16.61 (0.40) 
Stalk diameter (mm) 0.50 (0.21) 0.70 (0.12) 0.84 (0.09) 2.79 (0.13) 
Hymenial area (mm2) 3.09 (0.73) 15.16 (0.42) 4.06 (0.33) 7.03 (0.48) 
HA/biomass (mm2/g) 18.02 (1.98) 18.87 (1.15) 48.99 (0.90) 48.51 (1.30) 
Saprobes (% of total) 91.15 32.57 100 100 
     
Canopy openness 12.89 (0.45) 12.76 (1.85) 21.06 (12.30) 22.03 (6.02) 
Leaf Area Index 2.30 (0.16) 2.32 (0.11) 1.96 (0.88) 1.92 (0.23) 
Seedling species/4m2 6.15 (2.56) 6.00 (2.01) 2.83 (0.81) 2.66 (0.40) 
Seedling/sapling 1-D 0.76 (0.04) 0.76 (0.03) 0.59 (0.04) 0.61 (0.02) 
Percentage of clay in soil 1.59 (1.34) 1.73 (1.04) 14.83 (4.39) 13.31 (3.78) 
Water retention (ml/g soil) 1.53 (0.37) 1.66 (0.25) 1.10 (0.13) 1.21 (0.14) 
Ca+2 (cmol[+]/L) 3.10 (0.69) 2.98 (1.17) 12.05 (0.06) 10.83 (1.17) 
Mg+2 (cmol[+]/L) 0.31 (0.04) 0.59 (0.23) 1.93 (0.22) 2.34 (0.15) 
K+ (cmol[+]/L) 0.16 (0.01) 0.21 (0.01) 0.93 (0.16) 1.18 (0.62) 
P (mg/L) 3.50 (0.70) 4.00 (0.01) 4.50 (0.70) 2.50 (0.70) 
 
When fungal diversity was analyzed, results showed a different but still expected pattern. 
Even though in terms of productivity and size of sporocarps, the forests of Horizontes yielded more 
individual and more robust sporocarps than the Grecia forests, it was the Q. seemannii forest type, 
with the largest component of ectomycorrhizal forms, the one with the highest diversity. This is not 
surprising since Neotropical oak forests have a high diversity of macrofungi (Mueller & Halling 
1995), but as it was observed in the results, this forest type also produced the sporocarps with the 
largest biomass and hymenial area. Since a significant percentage of species in this high elevation 
forest were ectomycorrhizal, the larger biomass in the fungi associated with this forest type may 
have simply be the product of such carbon uptake strategy, which does not limit sporocarp size as 
much as in the case of saprobes (see Corrêa et al. 2012). However, the implication of the largest 
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hymenial area in the same forest types also reflect the long coevolutionary history between fungal 
and tree forms forming ectomycorrhizal associations (see Brundrett 2002). 
The latter is also reflected in the fact that the hymenial area/biomass resulted in the 
functional parameter with the most forest type-based correlations. Given the strong evolutionary 
forces that have allowed fungal sporocarps to have the dimensions they do, an example of the 
evolutionary implications of the character paradigm (Schwenk 2001), the results shown herein 
seemed to be the product of functional specialization in the overall guild of species (e.g. r=0.99 for 
the significant correlation with canopy openness, meaning larger and lighter fungi in more open 
forest patches). In other words, it is possible that through the measurement of the hymenial 
area/biomass character, results could have shown a distinctive ecological “label” reflecting 
characteristics of the forest (lower than 20 mm2/g for the temperate wet Grecia forests and higher 
than 45 mm2/g for tropical moist/dry Horizontes forests) as well as ecological strategies of the 
fungal guilds associated with them. If that was the case, the application of a characterization of 
hymenial area/biomass in future ecological studies could be useful for monitoring of fungal 
productivity and overall health of fungal populations (e.g. r=-0.96 for the correlation with water 
retention in soils, which as expected, was higher in the ectomycorrhizal forests of Grecia) in forest 
systems like the ones studied in the present investigation.  
The other functional variable that showed to be correlated with many characteristics of the 
forest systems studied was pileus diameter. Interestingly, this character has been reported to be an 
adequate morphological feature, matching molecular data, for identification of a group of species of 
Cortinarius (see Peintner 2008). Similarly, other researchers found the character to be an adequate 
predictor of spore yield in a species of Ganoderma (Fu et al. 2013). However, from an ecological 
perspective it seems that pileus size is related with spore dispersal efficiency (Dressaire et al. 
2016). These researchers showed that it is through the use of convective currents formed by thermal 
differentials, initially formed by rapid water loss associated with spore dispersal, that some species 
of mushrooms disperse their spores. In this sense, the results of the present study (e.g. r=0.90 for 
the correlation between pileus size and canopy openness, a forest character that increases 
temperature in the understory) seem to support the idea that pileus size is a functional character 
with ecological implications in macrofungal populations dynamics. 
Finally, the fact that phosphorus was found to be significant to explain the variability in the 
dataset generated in the present study, is not surprising either, given the importance of such element 
in the context of forest dynamics (see Manzoni et al. 2010). However, it is very remarkable that 
such parameter was found to be the second most important variable, and it was important to 
generate a strong multiple correlation with pileus diameter. It has been observed that phosphorus 
does not influence diversity or productivity of ectomycorrhizal macrofungi (Falkengren-Grerup et 
al. 1994) but it seems to affect diversity of saprobes (Harrington 2003). In this sense, for the present 
investigation, the phosphorus-pileus diameter relationship may be explained by the differences in 
the percentage of saprobes across forest types and sites. The implication of the latter is that the 
studied forest types truly have a cascade of differences explaining the functional variability of 
macrofungi, which are reflected ecologically in the different guilds of species present in the 
different locations. 
In the framework of climate change and forest degradation, studies like the one presented 
herein are relevant due the role that fungi play in the dynamics of tropical forests. However, the 
lack of studies in tropical areas, makes it difficult to establish comparisons between the results 
found in this investigation and similar ones also in tropical forest systems. Despite the latter, it is 
imperative to generate baseline data to understand that tropical fungi, from an ecological point of 
view, rely on a balance of ecological and evolutionary relationships with the environments they 
inhabit. This study has generated valuable information associated with four forest types in Costa 
Rica, but it has also provided some insights in the potential application of functional 
characterization of macrofungi for monitoring purposes. 
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